I. INTRODUCTION
The origins of health and disease arise from molecular events deep inside heterogeneous cellular structures in complex living organisms. Sensing and imaging of these events is an exciting but challenging area of scientific exploration. 1 This is because anatomically defined compartments such
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APL Photonics 3, 100902 (2018) in vivo with a spatial resolution of 1-30 µm 32,33 (Sec. III A). A multimode fiber combined with holographic and computational techniques can enable depth-resolved imaging with an even higher spatial resolution (<1 µm), as demonstrated in ex vivo settings (Sec. III B). A further computational technique that significantly improves image sharpness for widely used optical fiber bundle endoscopes, is also reviewed here. These examples illustrate how optical fiber technology can be adapted for the demands of current and future sensing and imaging in vivo.
II. SENSING PLATFORMS

A. Magnetically sensitive fibers through nanodiamond doping
We developed optical fiber materials doped with nanodiamonds (NDs) to produce intrinsically magnetically sensitive optical fibers. 14, 28, 34, 35 They owe their sensitivity to the magnetic field at ambient conditions and within a nano-scaled sensing volume to the negatively charged nitrogen vacancy color centers (NVs) in NDs. 36, 37 Magnetic field sensing with NVs is based on optically detected magnetic resonance (ODMR), 38 where particulars of the spin conserving and spin nonconserving excitation/fluorescence pathways give rise to a differential brightness between the ground states of the spin one centre. 38 This change in brightness can be read out at room temperature. The energy levels shift with the external magnetic, and these shifts are determined using an external microwave field [ Fig. 1(a) ]. Unlike conventional confocal readout, such magnetically sensitive optical fibers offer small-size, mechanically stable collection optics and integration with mature photonic technologies, 14 paving the way for sensing in difficult to reach places, including in vivo magnetoendoscopy. Recent work has considered positioning NDs on the surface of fiber tips and tapers for coupling the NV emission to the near-field or evanescent field of optical fibers. [39] [40] [41] [42] [43] We have demonstrated an alternative, where the NV emission was coupled to fiber modes by embedding NDs in the fiber core material. 14 Direct incorporation of diamond into the glass material is challenging. Most glasses melt at high temperatures that are incompatible with NDs, which oxidise at around 600 • C in an oxygen ambient and even in a vacuum at around 900 • C convert spontaneously to graphite. Additionally, mismatches between the relatively high refractive index of diamond (n = 2.4), compared to most optical fiber glasses (n ∼ 1.5), result in significant scattering from the diamond/glass interface. We selected tellurite glass for embedding NDs since it can be processed at <700 • C, exhibiting high transmission in the visible wavelength range of NV excitation and emission and a high refractive index of 2.0. 14, 34, 35 To minimize the temperature and time of exposure of NDs to the hot glass melt, we employed a two-step melting procedure, where first the glass batch was melted without ND at a high temperature, and then the NDs were dispersed in the melt at a lower temperature. 35 The obtained billet was then further processed at lower temperatures (400 • C) to fabricate an unstructured ND doped fiber. 14 Optimization of glass composition and melting conditions resulted in ND-doped fibers with sufficiently low loss for practical applications and fluorescence comparable to the as-received ND [ Fig. 1(b) ]. 14 A low-loss nanodiamond-doped tellurite fiber, with estimated 0.7 ppm of ND, was used to investigate the magnetic field sensitivity via ODMR using side excitation and longitudinal collection [ Fig. 1(c) ]. 28 The ODMR showed increasing Zeeman splitting with increasing magnetic field [ Fig. 1(d) ]. The ∼3% contrast of the ODMR signal of the NV ensembles in NDs embedded in glass is comparable to conventional NV ensemble systems. 44 The broader linewidth of the ODMR signal of our fiber relative to NV ensembles in bulk diamond 45 indicates that several NDs were probed within the excitation volume [ Fig. 1(a) ]. Combining the ODMR signal linewidth, contrast, and photon count allowed us to estimate the magnetic field sensitivity at ∼11 µT/ √ Hz, which is comparable to that of NDs placed on the fiber taper surfaces. 46, 47 When the magnetic field is not aligned with the NV quantization axis, the field induces spin flips even without an RF field, and hence the NV ensemble fluorescence shows a magnetic field response even at the RF-free conditions [ Fig. 1(e) ]. Although less sensitive than ODMR, this response greatly reduces the experimental complexity.
The intrinsically magnetically sensitive diamond-glass hybrid fibers enable a new generation of robust magnetic field sensors. As the entire fiber length and cross section contains NDs, exciting different positions along the fiber offers the possibility of detection of magnetic field gradients. Embedding of NDs in glass protects them from dislocation and simplifies the measurement compared with NDs placed at the fiber surface. The magnetic field sensitivity can be enhanced by reducing fiber loss while increasing ND concentration. Finally, embedding ND in glasses with superior thermal and mechanical stability relative to tellurite glass would improve the ruggedness of fiber sensors with intrinsic magnetic sensitivity.
B. Interferometric sensing
Chemical sensing using interferometry is based on accurate measurements of the local refractive index, which is increased upon binding of target analytes. Interferometry is highly compatible with optical fibers, and essentially any form of interferometer can be implemented in an optical fiber configuration, through a judicious choice of fiber design, tapering, splicing, grating inscription, and micro-machining. 48, 49 Figure 2(a) shows an example of a fiber-based Mach-Zehnder interferometer built in our centre from an exposed-core microstructured optical fiber spliced between two standard single-mode fibers. The excitation of higher order modes within the fiber is sensitive to binding events taking place on the surface of fiber core via the evanescent field. 12 While the wavelength sensitivity, 667 nm/RIU, is lower than similar surface plasmon resonance based fiber sensors, which can reach multiple times this value, 50 the sensor exhibits high stability as there are no metal coatings. The sensor has a detection limit the order of 10 −6 RIU, and using it, we demonstrated the detection of proteins (e.g., streptavidin) at concentrations as low as 3.8 µM.
Ultrasmall in-fiber interferometry devices can be achieved through the addition of a small indentation to the fiber that acts as a cavity [ Fig. 2(b) ]. 51 Devices with cavities as small as 2.8 µm have been fabricated using focused ion beam milling. These sensors operate via interference between the two reflecting beams from each interface, forming a low-finesse Fabry-Perot cavity. Tracking the interference fringes using Fourier techniques enables the sensitive measurement of refractive index changes and thin-layer coatings. Sensitivity in the order of 400 nm/RIU was achieved, and the detection of thin (1-2 nm) coatings of polyelectrolytes demonstrated the feasibility of biochemical sensing. 51 The small spatial scale of the sensor offers potential opportunities to perform intracellular measurements (the cell size is in the order of 10 µm). Alternatively, cavities can be written into exposed-core fibers, which provide a platform for biochemical sensing that is physically more robust than fiber tapers. 52 We anticipate that future work in fiber integrated interferometric sensors will likely focus on application-specific implementation, and increasing the ability of such sensors to perform simultaneous measurements of multiple parameters, such as the temperature and refractive index. 53
C. Surface plasmon resonance sensing
Surface plasmon resonances (SPRs) are collective electronic excitations localized at metal surfaces that are sensitive to refractive index variation at the interface with the surrounding medium. In SPR sensing, molecular targets are captured at metal surfaces by recognition molecules (antibodies, nanobodies, aptamers, enzymes, ligands, peptides, lectins, etc.) which then interact with the SPRs. Optical fibers offer an intrinsic advantage for SPR sensing due to the generally straightforward coupling of light to plasmonic nanomaterials (such as gold nanoparticles or nanorods) deposited over the length of the fiber. 54 It is also possible to deposit active plasmonic structures on optical fiber tips; these are of particular utility in remote sensing and spectroscopy. 55 Two general strategies can be deployed to fabricate plasmonic nanostructures on fiber facets. In situ fabrication involves direct writing of structures onto the fiber, for example, by electron-beam lithography, 56 focused ion beam milling, two-photon direct laser writing, or interference lithography. 55 An alternative strategy is to fabricate the nanostructures on a planar substrate and then transfer them to the fiber tips. 57, 58 To this aim, we used an epoxy as an adhesive layer, after metal deposition on the template; see Fig. 3(a) . 16, 59 This enhances adhesion, enabling our plasmonic sensor to support long-term biosensing applications. Using this approach, we demonstrated a plasmonic fiber simultaneously implementing multimode refractive index sensing (transmission and reflection), achieving 595 nm/RIU sensitivity, narrow linewidth (6.6 nm), and high figure of merit (sensitivity/linewidth = 60.7), which are both among the best reported values for nanostructure SPR sensors. 16 In combination with a custom-made flow cell, this plasmonic fiber has been used to demonstrate a real-time immunoassay of bovine serum albumin [BSA, Fig. 3(b) ]. 16 In order to enable high-throughput fabrication of plasmonic fiber sensors, we developed a direct nanoimprint technique. 60 In this single-step technique, the optical fiber tips are imprinted against a mold with nanostructures at elevated temperatures [ Fig. 4(a) ]. This simple method does not require the photolithography used in previous fiber-imprinting techniques. Hundreds of fibers can be shaped simultaneously within minutes; hence, the technique is suitable for high volume production. Various nanostructure arrays can be imprinted into plastic optical fiber tips with high precision and quality [Figs. 4(c)-4(e)], which can then be transformed into plasmonic crystals through metallization [ Fig. 4(b) ]. By controlling pressure, it is possible to adjust the imprint depth and thereby modulate plasmonic coupling between resonances at different levels of the imprinted structures. We also demonstrated on-fiber polarizers by imprinting nanoslits on fiber tips. This low-cost nanoimprint technique makes it possible to fabricate cheap disposable plasmonic optical fiber devices for biological replication studies.
D. Raman fiber sensing
Raman spectroscopy is a label-free technique which is increasingly used in biomedical applications. 25, [61] [62] [63] The Raman signature of a chemical species corresponds to the vibrational modes of its chemical bonds, which can be directly identified. 64 The measurement of Raman spectra at specific locations in vivo requires a probe delivering the excitation light and collecting the Raman signal, usually from the fiber tip. As the Raman effect is inherently weak, specially designed probes have been developed to yield improved signal-to-noise ratios. 64 One approach is to utilize the unique properties of microstructured optical fibers to create extended light-sample overlaps over the fiber length to enhance the resulting optical signal, for example, by using suspended core optical fibers (SCFs). 65 In this geometry, a light-guiding glass core is surrounded by a number of air-voids that can be filled with a liquid sample [ Fig. 5 (a)]. 7 The light from the core extends into the sample areas due to the small diameter of the core in comparison to the wavelength of light used, leading to the enhancement of the Raman signal coming from the sample along the entire length of the fiber, and therefore high signal visibility. 6 This geometry was successfully shown to be able to measure low concentrations of organic molecules in liquids by uniquely identifying and quantifying them in solution, with limits of detection down to sub-microgram amounts in small sampling volumes (60 nL). 66 An alternative approach to Raman fiber sensing relies again on increased interaction lengths between the fiber and the sample, but reverses the geometry, guiding most of the light in a void surrounded by glass, as shown in Fig. 5(b) . This single suspended ring hollow core optical fiber geometry is based on antiresonance reflection optical waveguiding (ARROW), combining a capillary-like total internal reflection guidance modified by Fabry-Perot interference in the thin (<1 µm) walls of the suspended ring. The target sample is then loaded in the central void and its signature collected from the proximal end of the fiber. This fiber geometry has been shown to offer a significant improvement in signal visibility in comparison to bulk volume sensing. An increase in the signal-to-noise ratio in comparison to solid-core optical fiber Raman sensors was obtained due to the large overlap between the guided light and the sample being interrogated. 21 Further development of optical fibers for Raman spectroscopy can combine these techniques with advanced approaches such as resonant Raman scattering, which has been used to quantify the concentration of vitamin B12 in human blood over 15-82 µM. 67
E. Fluorescent chemical sensing with optical fibers
Fluorescence is an important sensing modality which is highly compatible with optical fibers. Fluorescent chemical sensing using optical fibers can be performed with small molecular fluorescent chemosensors attached to the fiber surface. 9, 68 The chemosensors are excited along the fiber so that the excitation can be delivered to otherwise inaccessible locations in the body. 18 The fluorescence signal is then collected via the same fiber. Optical fiber-based chemical sensors and biosensors can detect a wide range of analytes including gases, ions, pollutants, agrochemicals, drugs, and pharmaceuticals, as well as biologically relevant molecules such as glucose; see Refs. 5, 69, and 70.
Different strategies have been used to functionalize fiber cores with chemosensors, such as covalently attaching silanes, 68 physical attachment of charged polymers (polyelectrolytes), 71 thinfilm deposition of doped polymers, 9 or introducing functional groups on the fiber surface with surface linking chemistry. 72 Using this approach, biologically significant ions such as Ca 2+ , Zn 2+ , Cd 2+ , and Al 3+ can be sensed and quantified. 8, 15, 23, 71 Variants of these surface bound chemosensors can be switched on and off, using light at a wavelength different from the excitation light. This allows repeatable sensing of metal ions using the same fiber without reinsertion, 8, 23, 68 which is particularly attractive for in vivo studies.
Microstructured optical fibers (MOFs) similar to those discussed in Sec. II D can also be used for fluorescence-based sensing. Similarly to the case of fluorescent fiber probes, the interaction between the light and chemical species extends along the entire length of the fiber. 6 Alternatively, with exposed-core MOFs, 73 the suspended core is partly open to the environment, enabling easy access to the fiber core and removing the need for sample filling. A recent approach is to combine phospholipids with photochromic chemosensors to form a novel liposome-based switchable sensing material which is attached to the surface of MOFs, 15 as shown in Fig. 6 . These sensing liposomes can be readily made from a range of natural lipids and are nontoxic and biodegradable. Switching of the chemosensor enables multiple measurements on a single sample, without the requirement to change the sensor. 15 The ability of this MOF/liposome platform to sense Zn 2+ in pleural lavage and nasopharynx of mice was compared to that of established ion sensing methodologies such as inductively coupled plasma mass spectrometry (ICP-MS) and solution fluorescence based (FluoZin-3) methods. The MOF/liposome-based sensor provided comparable results with significant advantages by allowing the use of nanoliter sampling compared to ICP-MS (ml) and FluoZin-3 (µl). 15 The best achieved limit of detection for surface-attached chemosensors is 200 nM. 71 
F. Luminescent fiber probes sensing temperature in the brain
Local temperature sensing is highly important in physiology, and optical fiber sensing is particularly well suited to this task. 4 The most common method used for optical fiber sensing of temperature is the inscription of Bragg gratings within the fiber core, which enables temperature to be tracked by monitoring the wavelength of light reflected from the grating. 74 This approach, however, is not ideal for biosensing applications as the gratings themselves are typically several millimeters to several centimeters long, limiting spatial resolution. 4 Other resonant methods utilizing whispering gallery modes or Fabry-Perot cavities tend to also be sensitive to the environmental refractive index, requiring careful control over the experimental conditions to avoid artefacts. 75 Temperature measurement within the brain requires sub-millimeter accuracy and temperature resolution of less than 0.5 • C. 18 To achieve these targets, we used rare earth thermometry, an approach where rare earth ions such as erbium or thulium are doped within a host medium such as crystal or glass. 76 These ions possess energy levels that are close enough that the populations within these levels markedly depend on small temperature changes near ambient temperature. For example, in erbium raising, the environmental temperature increases the intensity of the 528 nm emission (from 2 H 11/2 → 4 I 15/2 transition) relative to the 548 nm emission (from 4 S 3/2 → 4 I 15/2 transition). Therefore, by monitoring the ratio of the emission signals from these two bands, the temperature can be determined with high accuracy (∼0.1 K). 10 For in vivo sensing, the temperature-sensitive rare earth ions must be mechanically integrated with an optical fiber, enabling spatially localized temperature sensing at specific discrete locations. We accomplished this by briefly immersing the tip of a conventional silica optical fiber into a molten glass doped with rare earth ions [ Fig. 7(a) ], which creates a thin film of glass on the fiber tip. 10, 20 This method combines the possibility of high doping concentrations and low phonon energy of the tellurite glass with robust, economical, and easy to integrate silica single mode fibers. Schartner and Monro examined the use of this sensor geometry utilizing bulk optics and characterized its behavior over the biologically relevant range from 23 to 39 • C. 10 Here the total temperature-sensitive region of the fiber is less than 100 µm thick, with only the very end-face of the fiber contributing to the optical signal that is collected by the core for analysis. As such, this fiber is perfect for these in vivo sensing applications, allowing for the desired spatial resolution for biologically relevant measurements.
Musolino et al. extended on this work by using a compact, portable fiber-based configuration for coupling and collecting the upconversion emission signals, which greatly increased the stability of long-term measurements and allowed for its use within a conventional biological laboratory. 18 This application demonstrated one of the key advantages of upconversion within a biological setting, in that, effectively, no autofluorescence is observed from the tissue, limiting any possible background interference of the optical signals. These probes were employed in measurements of brain temperature in vivo within the brain of ambulatory rats. 18 Probes were inserted and monitored over an extended duration [ Fig. 7(b) ] to quantify changes to the brain temperature within the animals while they were able to move and behave freely.
G. Immunosensing of cytokines in the brain with optical fibers
Insertable optical fibers can enable in vivo biosensing on biologically relevant time scales even if their light-guiding function is not utilized, as the signal from the fiber surface can be simply collected by laser scanning microscopy. We have successfully developed such optical fiber-based immunosensors for monitoring of cytokines, 2, 17, 30 where the conventional fiber readout was traded for the spatially localized cytokine detection. Cytokines are a diverse group of small proteins (10-70 kDa) involved in cellular signaling and also recognized as disease biomarkers. 77 The detection of cytokines is challenging because of their dynamic secretion process and low abundance in vivo, with physiological concentrations normally in the pM range. 77, 78 Cytokine immunosensing in our approach was realized using highly specific antibody-antigen binding. The capture antibodies were immobilized on the surface of a decladded optical fiber (Fig. 8) . Such a functionalized fiber was then incubated in vivo where it captured the cytokines. To visualize the cytokines, we used a "sandwich" approach; to this aim, the fiber was removed from the body, and fluorescent anti-cytokine detection antibodies were applied. These antibodies were labeled by very bright nanoparticles, which imparted high sensitivity to this assay. 53 The concentration of cytokines captured on the fiber surface was quantified by the integrated intensity of fluorescence measured by a microscope. This system has been successfully used for detection of IL-6 with the sensitivity of 0.4 pg ml −1 and spatial resolution in the order of 200 µm. 30 For comparison, a fiber sensor with conventional evanescent excitation and molecular fluorophores was able to detect IL-6 only to a concentration of 0.12 ng ml −1 , about 2 orders of magnitude lower than the physiologically relevant range. 79 To monitor spatially localized cytokine (IL-1β) release in discrete brain regions, this fiber device was introduced into the brain through a perforated guide cannula with micrometer-sized holes drilled along its length to enable fluid exchange between the outside tissue and inside of the guide cannula [ Fig. 8(b) ]. The device demonstrated a physiologically relevant level of sensitivity of 3.9 pg ml −1 . 2 Upon the removal from the cannula, a new immunocapture device was then reintroduced for repeated analyte measurements in vivo, as shown in Figs. 8(c) and 8(d) . This technology provides a sensing platform for in vivo monitoring of a spectrum of analytes in conscious, behaving animals.
III. IMAGING PLATFORMS
A. Optical coherence tomography (OCT)
OCT is a real-time optical imaging technique that utilizes low coherence interferometry to achieve high resolution (µm level) cross-sectional imaging. 80 Although the OCT's penetration depth is limited to only a few millimeters, it can be applied to deep tissue imaging with the aid of optical fiber probes. 81, 82 The typical spatial resolution achievable by a OCT fiber probe is 10-30 µm, which is suitable for many clinical applications, such as intraoperative guidance in arteries, 83, 84 reproductive tracts, 82 and brain. 26 An OCT fiber probe is usually encased in either a flexible catheter or a rigid needle, 82 which are commonly used in clinical settings. To enable access to solid tissues that are beyond the reach of catheters, OCT needle probes have been developed; 32 these are mounted inside hypodermic needles. To date, the smallest side-viewing OCT probe can fit in a 30-gauge needle with an outer diameter of 0.31 mm [ Fig. 9(a) ]. 85 This probe achieved a depth-of-field of 550 µm with beam diameters below 30 µm. The highest system sensitivity achieved by a miniaturized OCT needle probe was reported at 112 dB, as illustrated in Figs. 9(b)-9(d) . 33 This probe, which was encased in a 23-gauge needle (0.64 mm), is capable of lateral resolution of approximately 10 µm at the focus. To match the size 
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and a parallel channel to the aspirate tissue; see Fig. 9 (e). This design facilitates accurate positioning of the needle tip relative to a lesion or lymph node. 86 Combining the OCT imaging with fiber sensing modalities mitigates the errors introduced by unguided sensing, where the probe might be inserted into a region of interest guided by only a standardized atlas. 18 We were able to demonstrate that OCT imaging and (temperature) sensing functions can be integrated into a single-fiber-based probe. 26, 32 Similarly to combined fluorescence + OCT probes reported in Ref. 84 , our temperature sensing + OCT probe utilizes a double-clad fiber (DCF) [ Fig. 10(a) ]. The single mode core of the DCF carries the OCT signal and excitation light for temperature sensing, and the multimode inner cladding collects the fluorescence emission light for temperature sensing. In this design, the temperature sensitive tellurite glass described in Sec. II F with refractive index n = 1.98 was used as a ball lens to focus light. 82 This probe achieved lateral resolution of 18 µm at the focus. Similar approaches can be applied to simultaneous and spatially co-localized measurements of anatomical and physiological parameters such as pH and concentration of metal ions or small molecules. 13, 18, 87 
B. Computational fiber bundle and multimode fiber imaging
Optical fiber bundles comprised of thousands of individual fiber cores in a cladding matrix are widely used in clinical microendoscopy. 88, 89 In this approach, the resolution is limited to the size of the individual fiber cores, with the resulting pixellation removed by postprocessing. 90 In the most simple systems, the distal facet is bare and must be placed nearly in contact with the sample. The resolution and contrast degrade rapidly away from the fiber facet plane because the shallow depth of field (∼15 µm) is set by the rather high numerical aperture (NA) of the fiber bundles (∼0.4).
By considering the mode structure at the fiber bundle output, we devised a method to computationally increase the depth of field (Fig. 11) . 27 Our approach is based on the idea that the prevalence of each mode depends on its angular coupling efficiency along with the amount of light entering the core at a given tilt angle. 91 In typical few-mode fiber bundles, the oblique illumination tends to push light toward the periphery of the cores, whereas light entering normal to the fiber facet is localized to the center of the core [see Fig. 11(a) ]. 27 The effective collection aperture can therefore be reduced in post-processing to smaller angles by rejecting obliquely incident light which is located at the periphery of the cores at the output facet. As with any imaging device with an adjustable aperture, reducing the collection angle increases the depth of field, bringing previously blurred objects into focus [ Fig. 11(b) ]. This approach significantly increases the imaging distance of bare fiber bundles nearly to the working distance of lensed fiber bundles (∼50 µm). As a result, the imaging contrast 
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APL Photonics 3, 100902 (2018) and resolution are substantially improved, especially for objects not in contact with the fiber facet. The technique is realized entirely computationally, avoiding scanning hardware modifications that increase the size and reduce the acquisition speed. Because the technique is incoherent, it could be implemented in existing fluorescence or reflection-based clinical microendoscopes without hardware modifications. Despite the simplicity of this approach, it cannot enable imaging at arbitrary distances from the facet nor can it be used to fully shape excitation light. For the complete control of light through optical fibers, more sophisticated active feedback approaches are required. 92 The use of computational techniques plays a vital role in the new class of microendoscopes based on individual multimode fibers (MMFs) which have been recently identified as reliable optical elements for both light delivery and detection in imaging applications. The MMFs offer the highest resolution/footprint ratio of available endoscopes 93 with no need for miniaturisation as the MMFs are fabricated using established drawing techniques. Imaging through such fibers requires acquisition of complex light propagation characteristics, which are fully captured in the wavelengthdependent fiber transmission matrix. This approach views the MMF as a complete optical system. By careful calibration of the system, descrambling, and optical holography 92 to select appropriate combinations of modes, scanner-free imaging can be achieved. 93 Although, in principle, fluorescence imaging is straightforward due to the point-like source of the emitter, in practice, this is complicated by the finite bandwidth of the emitter. The descrambling applied to one wavelength will typically vary across the fluorescence linewidth, which limits the amount of light that can be captured for fluorescence imaging in biological applications. In order to circumvent this issue, fluorescence imaging in MMF is realised by holographic-based raster-scanning of a focused point. 92 The laser light is shaped by a hologram (determined by the fiber transmission matrix) and displayed on the spatial light modulator to produce a focal excitation spot in the desired position at the distal end of the fiber [ Fig. 12(a) ]. Light emitted from the excitation spot is then collected via the same fiber and detected at the proximal site [ Fig. 12(b) ] to produce an image of the fluorescent object [ Fig. 12(c) ]. 29 Beside simple raster-scanning, the complete control of light in MMFs using computed holograms also enables advanced imaging modalities such as confocal, 94 two-photon, 95 and light-sheet. 96 The application of the above-mentioned methods for deep tissue imaging is limited by bending of the fiber, which changes the transmission matrix. Several computational approaches for bending compensation have been explored. These include adding a semi-transparent coating at the distal site of the fiber, which enables monitoring of reflected light and determination of the transmission matrix in real time. 97 A similar approach has been adopted by adding a reference beacon at the distal end of the fiber, 98 albeit with a limited bending range. The change in the transmission matrix can also be calculated theoretically if the current three-dimensional conformation of the fiber is monitored. 99 Future progress in this area will likely be driven by computational approaches which hold great promise for the future of microendoscopy and minimally invasive imaging in deep tissues of living organisms. 
IV. FUTURE OPPORTUNITIES
Bringing optical fiber sensing and imaging closer to real-life biological contexts requires specific adaptations spanning the areas of photonics and optical engineering, micro-and nanofabrication, materials science, nanotechnology, and chemistry. These provide opportunities for further development of fiber probes by increasing the signal to background ratio, tailoring the molecular components of the fiber probes, or multiplex sensing of different species and imaging on a single fiber (see Table I ). We now discuss such potential future directions in more detail.
Increasing the signal to noise (or background) ratio is critical for rapid trace molecular analysis in vivo, especially when methods of chemical signal amplification cannot be applied. Fluorescence/luminescence signals can be enhanced by maximizing the photonic density of states at the sensing interfaces, achieved by refining the fiber geometry and related optical modes. Examples include the suspended and exposed core optical fibers discussed in Secs. II B, II D, and II E that aim to maximize the optical overlap between the sample and light, 100,101 but much more can be achieved by yet unexplored designs. In the case of optical cavities written inside the fiber, the signal enhancement can also be achieved by increasing the reflectivity of the facets within the cavity and its Q-factor. The signal to noise ratio may also be improved by reducing the background TABLE I. Promising approaches in the field of biomedical sensing and imaging fiber probes.
Challenges
Promising approaches that are yet to be fully explored High background 1. Maximize the photonic density of states at the sensing interfaces, through structuring of optical modes in microstructured fibers 100,101 2. Deposit tailored metal nanostructures in signalgenerating areas of the optical fiber 16, 59 3. Use upconverting particles so as to apply fluorescence excitation with a near-infrared light source which minimizes autofluorescence 10 4. Use time-gated or fluorescence-lifetime-based techniques to sperate the signal and autofluorescence 19 5. Improve the design and fabrication of a microstructured fiber, such as a hollow core fiber, to reduce the overlap between the optical field and the background-generating parts of a fiber and thus minimize fiber fluorescence 21 Low signals 1. Utilize fluorescent signal amplification strategies 108 2. Extend light-sample overlaps by utilizing the full fiber length instead of only the fiber tip 66 3. Apply signal-enhancing structures and coatings 16 Requirement for real-time measurements where signals follow variations in analyte levels contributions from the fiber itself. A particularly promising approach for Raman sensing is the use of hollow core optical fibers discussed in Sec. II D. The use of hollow cores reduces the overlap between the excitation light and the glass in the fiber that generates this background signature. Alternative approaches include fiber designs that separate the excitation and collection optical pathways, as is the case for the double clad fibers discussed in Sec. III A, or optimized optical fiber bundles combining new fiber geometries with discrete roles of multiple fibers within the bundle.
In addition to such structural modification, advancements in materials science may enable the deposition of tailored and designed metal nanostructures in signal-generating areas of the optical fiber (Sec. II C). Materials science also brings the capability to reduce the signal background, relevant in fluorescence, luminescence, and Raman sensing. For example, using infrared-excited upconverting labels strongly reduces the effect of autofluorescence background, both from the biological milieu and, critically, the fiber itself.
Finally, time-gated detection, whenever applicable, offers potential many orders of magnitude signal to noise improvements. 19 This technique can increase the SNRs for ultrasmall analyte concentrations based on the differential temporal evolution of the target and background signals, and/or the location of targets relatively to the source and detector. Using time-gating will additionally allow us to clearly separate the instantaneous Raman signals from target analytes from slowerto-rise background signals of the glass impurities and, importantly, from overpowering biological autofluorescence signatures, allowing greater clarity of signature separation and lower detection limits.
Tailoring the molecular components of fiber probes offers further prospects for improved sensing performance. The molecular specificity in fiber sensing typically relies on specially coated surfaces incorporating molecular sensors, antibodies, or less temperature-sensitive aptamers able to selectively interact with specific targets. Identifiable light signatures are then generated upon target binding or with the aid of additional procedures. A common challenge with antibodies and particularly with aptamers is the reduction or loss of functionality upon surface binding; overcoming this problem will open the way for the fiber sensors to detect additional analytes.
Photoswitchable organic fluorophores engineered to respond to specific chemical species integrated with fibers yield sensing probes that are able to be regenerated by light and capable of repetitive measurements. 15, 23 This approach could be extended to new molecular targets, in particular, to small molecules. The normally off fluorescent FRET sensors integrated with optical fibers offer scope for in vivo sensing as their light signature can be produced in vivo upon target binding. They are well suited for the detection of selected macromolecules, allowing us to expand the range of analytes detectable by fiber sensors. The structure-switching real-time sensors 102 when integrated with optical fibers will enable true real-time sensing required in longitudinal experiments. Finally, the approach of in vivo incubation of fiber probes followed by an external readout 2 realizes repetitive in vivo detection in a specific location in the body, but it still lends itself to traditional chemical amplification schemes and it offers the possibility of detecting a variety of targets. The above examples show that this area is at a really interesting disciplinary intersection, clearly poised for future growth.
Multiplexing sensing of different species and imaging on a single fiber is a common requirement in the life sciences. Most existing optical fiber sensors have been designed and optimized for single targets. While great scope exists to further develop these single-purpose devices, the greatest opportunity concerns creating multiplexed sensors that can act as "lab-on-a-fiber" devices for identifying and quantifying multiple chemical and biological species within a single sample and doing so at multiple locations.
To achieve this, work beyond refining individual sensing modalities is required, which creates a new and exciting range of potential developments. One could imagine, for example, a single microstructured fiber, with a structure optimized to increase light-sample interaction around its core, which also has multiple sensing areas just before its distal end, possibly a plasmonic sensor with antibodies to detect the accumulation of certain cells on the tip. This could be combined with obtaining a Raman signature through the same fiber to verify the cell type, while at the very tip of the fiber a GRIN lens could enable OCT observations to determine the environment and location in which those cells were collected. Another option could be an exposed-core optical fiber that can perform multiple real-time (normally off) fluorescent assays at different locations along its length. Such a fiber probe could be implanted in living organisms for prolonged periods of time and interrogated periodically from the outside to monitor chemical responses to pain or medication. This could be perhaps accomplished using time-gated detection to offer localized information on where these events are happening along its length. Alternatively, such a spatially resolved readout along the fiber length could be realized using multiphoton techniques. Such an inert, light, and minimally invasive probe could be periodically read to determine physiological indicators such as the level of chronic pain in a patient. It is these truly disruptive uses of novel sensing and imaging optical fiber sensors as complete multiplexed systems that really stand to disrupt the landscape of photonic sensing in biomedical applications.
The flexible nature and the chemical-inertness of optical fiber probes make them well-suited for accessing physiological cavities and tubular structures, such as cardiovascular and reproductive systems and gastrointestinal, pulmonary, and urinary tracts. 82 By detecting clinically relevant biomarkers and microstructures, the fiber probes are enabling improved diagnostic yield and/or intraoperative guidance. 103, 104 In the past 20 years, the clinical applications of fiber imaging probes in particular have grown at an accelerating pace, especially in diagnosing pre-malignant or early stage cancers to enable treatment at an early stage, 82 and in achieving "smart," microscopically targeted biopsies to minimize sampling errors. 24, 103 On the other hand, fiber sensing probes have so far been underutilized in medicine and have been mostly confined to high-cost niche applications in cardiology and neurology. 105 Thanks to the recent advances in optical communications and semiconductor technology, portable, robust, and inexpensive interrogation units are becoming available, 87, 106 opening up new possibilities to utilize biochemical optical fiber sensors. In addition, multidisciplinary research centers, 107 such as the Wellman Center for Photomedicine, the Beckman Laser Institute and Medical Clinic, the Medical Laser Center Lübeck, and the Centre for Nanoscale BioPhotonics, have created fertile environments for clinical translation of fiber sensors, environments where scientists communicate with clinicians to better understand their needs, allowing the targeted design of optical fiber devices that fit standard clinical workflows and can obtain regulatory approval. 104 
V. CONCLUSION
In the past 5 years, the Centre for Nanoscale BioPhotonics has developed a suite of fiber probes for various applications in biological settings, including magnetic field sensing, chemical sensing of diverse analytes (ions, cytokines, vitamins, proteins, etc.), temperature sensing, and refractive index sensing and imaging (by single mode, multicore, or multimode fibers). These innovations have been realized via the convergence of multiple scientific disciplines and direct development based on the requirements of clinicians. Among many of the future development fronts, the following aspects are expected to benefit the most from the collaborative efforts between research areas: (1) improvement of the signal-to-background ratio; (2) customization of molecular sensors for fiber probes; (3) multiplexed sensing of different species; (4) single-fiber-based sensing and imaging; (5) 
